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(E and F) Cultured hippocampal neurons (21 DIV) from control mice (Bcr +/-Abr +/-, n = 31 neurons),
, and Bcr -/-Abr -/-mice (n = 39 neurons) were stained with anti-PSD95 and anti-VGLUT1 antibodies to determine synaptic density (E) and phalloidin to determine F-actin intensity (F).
All experiments were performed at least three times from independent mice. Error bars indicate ± SEM; *p<0.05, **p<0.01, and ***p< 0.001 for all graphs. Each experiment was performed 3 independent times. Error bars indicate ± SEM; *p<0.05, **p<0.01, and ***p< 0.001 for all graphs.
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

DNA Constructs
The following constructs have been described previously: pCMV-Flag-Tiam1, pCMV-FlagTiam1-QK (Tiam1 Q1191A/ Bcr and pCMV-Myc-Abr, respectively. pCMV-Myc-Bcr-GD (R1090A/K1129A/R1186M and T1210R) constructs were generated using the QuickChange site-directed mutagenesis kit (Stratagene). For the GST pull-down assays, the following regions of Bcr were subcloned into pGEX-4T-2: N-term, N-termΔO, GEF, and GAP. All constructs were verified by DNA sequencing.
Antibodies and Drugs
The following antibodies were obtained from commercial sources and used according to 
Mice, Cell Culture, and Transfections
Dissociated rat hippocampal neurons were prepared from E18 Long Evans rat embryos as previously described (Xia et al., 1996) . Rat neurons were plated at ~0.75 x 10 5 cells/cm 2 on coverslips coated with poly-D-lysine (PDL) (20 µg/ml) and laminin (3.4 µg/ml) and cultured in Neurobasal medium (Invitrogen) supplemented with B27 (Gibco BRL), 2 mM glutamine and penicillin/streptomycin (100 U/ml and 100 µg/ml, respectively). Dissociated mouse hippocampal neurons were isolated from P0 mouse pups and cultured on PDL and laminin pre-coated coverslips (BD Biosciences) at ~1.0 x 10 5 cells/cm 2 in Neurobasal-A (Invitrogen) supplemented with B27, glutamine and pen/strep. HEK293T and COS7 cells were cultured in DMEM with 10% fetal bovine serum and pen/strep. Dissociated hippocampal neurons (6-7 DIV) and 293T cells were transfected using the calcium phosphate method (Xia et al., 1996) . For the Tiam1-Bcr colocalization experiment in neurons, 10x less DNA was used to express Myc-Bcr than was used for the spine experiments. For mouse organotypic slice cultures, the hippocampi from (Niu et al., 2008) .
Subcellular fractionation and PSD purification
Fractionation was done according to a procedure modified from previously published procedures (Blackstone et al., 1992; Carlin et al., 1980; Cho et al., 1992; Lau et al., 1996) .
Briefly, single mouse brains were homogenized using 20 strokes of a Potter-Elvehjem homogenizer at 100 rpm in 0.32 M sucrose, 2 mM EDTA and 4 mM HEPES, pH 7.4 with freshly added protease inhibitors. Postnuclear supernatants were obtained via 1,000Xg spin. The supernatant was spun at 10,000Xg for 15 min and the pelleted membranes resuspended, rehomogenized, and spun again to obtain P2'. This pellet was lysed by hypoosmotic shock and then resuspended. This was followed by a spin at 25,000Xg for 20 min. The pellet was layered onto a 0.8/1.0/1.2M discontinuous sucrose gradient and spun at 150,000Xg for 2 hr. Synaptic plasma membranes were recovered from the 1.0/1.2 M interface, pelleted, and resuspended.
These membranes were extracted with 0.5% Triton X-100 for 15 min and pelleted with a 32,000Xg spin for 20 min. Resuspended membranes were divided into three fractions. The first comprise the PSD-1T fraction, the second was extracted with Triton X-100 and spun again to form the PSD-2T fraction, and the third was re-extracted with 3% sarkosyl and spun to form the PSD-T+S fraction. Protein concentrations were determined using Coomassie staining of SDS-PAGE.
Protein-Protein Interaction Analyses
Synaptosomes were prepared from P18 Long-Evans rats as described (Rao and Steward, 1991; Tolias et al., 2005) . Mouse hippocampi, cultured rat neurons, purified synaptosomes and transfected 293T/COS7 cells were lysed in buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 10% glycerol, 1 mM DTT, 1 mM Na 3 VO 4 , 10 mM NaF, 10 mM β-glycerol phosphate, and protease inhibitors (complete tablets, Roche). Cell lysates were cleared by centrifugation for 15 min at 14,000 rpm and then incubated for 90 min at 4°C with 1 mg of primary antibodies followed by a 60 min incubation with Protein A or G Agarose beads (Roche). For the pull-down assay and GEF/GAP activity assays (Garcia-Mata et al., 2006) , cell lysates were incubated with GST-fusion proteins immobilized on glutathione agarose beads for 1 hr or 30 min (GEF/GAP assay) at 4°C. Beads were then washed 4x with lysis buffer, and bound proteins were eluted with SDS-PAGE sample buffer. The samples were separated on SDS-PAGE gels, transferred to PVDF membranes, and blocked with 5% nonfat dry milk in 1X TBS containing 0.1% Tween-20 (TBST). Blots were incubated with primary antibodies overnight at 4°C and then horseradish peroxidase-conjugated secondary antibodies (Calbiochem) for 1 hr at 25°C. Signals were visualized/quantified using enhanced chemiluminescence (ECL) and an ImageQuant LAS4000 (GE Lifesciences), an Odyssey Imaging system (LI-COR Biosciences), or film (density scanning with Image J).
Kinetic analysis of the affinity of the Tiam1-Bcr interactions was determined by biolayer interferometry using an Octet Red 96 instrument and the Dip and Read TM anti-GST biosensors kit (ForteBio Inc.) (Alpadi et al., 2013) . The His-tagged Tiam1 PH-CC-Ex domain, GST and the GST-tagged Bcr N-term and GAP domains were expressed and purified from bacteria. GST and the GST-tagged Bcr proteins were loaded onto anti-GST antibody coated biosensors and incubated with increasing concentrations of His-tagged Tiam1 Ph-CC-Ex (0 to 5.33M). The association and dissociation of the interactions between Tiam1 and Bcr domains were used to determine the Kon and Koff, and the Kd was calculated by the ratio of Koff to Kon. All proteinprotein interaction experiments were conducted at least three independent times.
Yeast Two-Hybrid Screen
A yeast two-hybrid screen was performed as described (Golemis et al., 2011) . The Tiam1 PDZ domain (aa 840-1025) subcloned into pEG202 was used as a bait to screen an E14 rat spinal cord/dorsal root ganglia cDNA library for Tiam1-interacting proteins.
Rac1 Activation Assay
Active Rac1 levels were measured using the p21-binding domain (PBD) of PAK as an affinity reagent to precipitate Rac-GTP from cells (Sander et al., 1998) . Transfected 293T cells or rat hippocampal neurons (21 DIV) were harvested in Mg 2+ lysis buffer containing 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, and 10 mM MgCl 2 , supplemented with 1 mM DTT, 1 mM Na 3 VO 4 , 10 mM NaF, 10 mM β-glycerol phosphate, and protease inhibitors (Roche).
Lysates were incubated with a GST-PBD fusion protein immobilized on glutathione agarose beads for 20 min at 4°C. Following precipitation, the pellets were washed 3x with Mg 2+ lysis buffer and analyzed by Western blotting with α-Rac1 antibodies to determine active Rac1 levels.
Immunocytochemistry
Neurons were fixed for 10 min at 25°C with 4% paraformaldehyde (PFA)/4% sucrose in PBS.
Fixed cells were permeabilized and blocked with 0.3% Triton X-100, 15% goat serum, and 5%
of BSA in PBS for 1 hr at 25°C and then incubated with primary antibodies overnight at 4°C.
Cy3-and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch Labs) were used at 1:500 dilutions for double immunolabeling. For synapse staining, fixed neurons were incubated with α-PSD-95 (1:100) and α-VGLUT1 (1:1000) antibodies in 1x GDB (30 mM phosphate buffer, pH 7.4, containing 0.2% gelatin, 0.3% Triton X-100, and 0.8M NaCl) overnight at 4°C. Neurons were then incubated with Cy3-goat α-mouse and Cy5-goat α-rabbit secondary antibodies in 1x GDB for 1 hr at 25°C to visualize the primary antibodies. isoflurane, and a 3-mm-diameter craniotomy was drilled over the somatosensory cortex, centered at 2 mm lateral, 1 mm posterior to the bregma, as in (Holtmaat et al., 2009) . A glass coverslip was placed inside the craniotomy, and a head-post was cemented to the mouse's skull. Immediately after surgery the mouse was placed under a custom Prairie Technologies 2-photon microscope and maintained on light 1% isoflurane anesthesia. Body temperature was maintained with an electric heating blanket. Bright-field optical images were initially taken at 4x magnification to identify vascular landmarks and confirm that the imaging site was clear of blood and debris. Z-stacks of YFP-labeled dendrites were captured using either a 60x (1.0 NA) or 20X
In vivo two-photon imaging and analysis
(0.8 NA) Olympus water immersion objective lens at 0.11 microns-per-pixel and 1 um z-step size. Individual dendrites were time-lapse imaged at a 1 hr interval.
Raw image stacks were processed by a custom polynomial interpolation method that performs a weighted average of the intensities of neighboring pixels according to the equations:
(1) and (2) where I c represents the calculated (interpolated) intensity, and I exp the actual intensity measured in the experiment (Jiang et al., 2013) . The interpolation is calculated for each pixel by the leastsquares method using ~100 pixels within an approximately 1.16x1.16 µm 2 field. As tissue fluorescence is highly correlated locally, while shot noise is not, this polynomial interpolation significantly improves the visibility of small dendritic structures.
Time-lapse image stacks were imported into ImageJ and a custom Matlab interface.
Zero-minute and sixty-minute image stacks were opened side by side and examined slice-by- analyses were performed blind to genotype. Formation and elimination rates were tested for significance using a two-tailed t-test.
Electrophysiology
Whole-cell voltage-clamp recordings were performed with an Axopatch 200B amplifier controlled by Clampex 10 at 25°C. Data were acquired at 10 kHz and low-pass filtered at 5 kHz with the membrane potential clamped at -60 mV. Series resistance was compensated to 80%
and only cells with series resistance <12 MΩ before compensation were recorded. Whole-cell parameters were monitored every 45 sec to ensure stability, and only data from cells with a steady holding current in the range of 0 to -80 pA were analyzed. The patch pipette solution contained: 115 mM Cs methanesulfonate, 20 mM CsCl, 10 mM HEPES, 4 mM ATP-Mg, 0.4 mM GTP-Na, 2 mM MgCl 2 , 1 mM EGTA, 10 mM phosphocreatine, 50 U/ml phosphocreatine kinase (300 mOsm, pH 7.4). The external perfusion solution contained 140 mM NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM glucose, 2 mM CaCl 2 , 2 mM MgCl 2 , 0.5 µM TTX, 100 µM picrotoxin (300 mOsm, pH 7.4). mEPSCs were detected off-line after digitally filtering data at 2 kHz using Axograph X software (AxoGraph Scientific).
